INTRODUCTION {#s1}
============

Hydra has been used as a model system to study development, regeneration and evolutionary studies for many years. Hydra has an extraordinary ability to regenerate; when cut into pieces, each piece of the body column can regenerate into an adult animal within 3--4 days, with the regenerated animal maintaining its original polarity ([@b3]; [@b46]). It can also regenerate from a cluster of dissociated single cells in which the axis has been disrupted; this cluster of cells undergoes *de novo* patterning to give rise to a well-developed adult organism ([@b22]). Cells in an adult hydra thus preserve the ability to respond to morphogenetic signals and undergo patterning in a manner similar to embryonic stem cells. Hydra does not exhibit senescence under laboratory conditions ([@b31]). Hydra is thus considered to be an immortal organism with infinite regenerative ability.

Hydra consists of three cell lineages; ectodermal epithelial lineage, endodermal epithelial lineage and interstitial lineage. Ectodermal epithelial cells form the outer layer of body column and endodermal cells form the inner digestive layer. Cells from both ectodermal and endodermal lineages differentiate into specialized cells at the two extremities. The two layers are separated by an acellular extracellular matrix called mesoglea ([@b39]). Interstitial cells are dispersed in the spaces between ectodermal and endodermal cells. Interstitial lineage gives rise to somatic cells such as stinging cells or nematocytes, neurons, gland cells and germ cells. The three lineages do not interconvert ([@b24]; [@b48]). The cells in body column proliferate and are continuously displaced towards hypostome and foot. The cells differentiate in response to positional information in the body column as they migrate and finally slough off ([@b7]).

The stem cells in ectodermal and endodermal lineages are considered to be "multifunctional stem cells". These cells are epitheliomuscular cells with morphology and functions of well-developed epithelial cells and contractile function similar to muscle cells but also retain the ability to self-renew and differentiate ([@b24]; [@b46]). Epithelial cells divide once every 3--4 days ([@b17]) and all epithelial cells in the gastric region are considered to be stem cells ([@b4]; [@b48]). Stem cells of the interstitial lineage on the other hand are better defined and are multipotent stem cells that give rise to both somatic and germ cells ([@b16]). These can be identified by their morphology and occur either as single cells (1s) or in pairs (2s). Interstitial cells divide with a cell cycle time of 16--27 hours ([@b8]). The ability of stem cells in hydra to divide and differentiate appears to be unlimited, since hydra does not show senescence.

This ability of hydra stem cells to undergo continuous self-renewal/differentiation over many years is in complete contrast to adult stem cells in higher organisms which lose their proliferative potential with time. As an organism ages, there is a decline in the ability of adult stem cells in tissues to maintain homeostasis and to repair damage caused due to injury ([@b13]; [@b38]). An important factor contributing to this loss of proliferative potential is genotoxic stress such as mutations acquired during replication and shortening of telomeres during each cell cycle. Adult stem cells thus need to preserve the ability to self-renew while undergoing continuous proliferations for normal homeostasis, especially in highly dividing systems such as hematopoietic cells or intestinal epithelial cells. To protect stem cells from errors of replication, adult tissues have a pool of slow-cycling or quiescent stem cells that do not undergo cell division under normal physiological conditions and remain quiescent in G0 phase of cell cycle ([@b13]; [@b20]). These cells either divide at a very slow rate or divide only in response to tissue damage, ensuring that cells contributing to regeneration have better genomic integrity. Such slow-cycling cells are identified by their ability to retain thymidine analog such as bromodeoxyuridine (BrdU) over long periods of time and hence are also called "label-retaining cells". Quiescent cells have been observed in several mammalian systems such as limbal stem cells ([@b14]), hair follicle stem cells ([@b34]), intestinal stem cells ([@b12]) and hematopoietic stem cells ([@b47]). Prior to identification of specific markers, stem cells in adult tissues were in fact identified by their ability to retain thymidine analogs, indicating their ability to remain quiescent ([@b21]). Although label retention is no longer considered the hallmark of stem cells, quiescence is an important feature of adult stem cells and the loss of quiescent cells has an adverse effect on the long-term proliferation potential of stem cells ([@b9]; [@b10]). Label-retaining cells have also been observed in invertebrates such as locusts ([@b27]), larval silk worm *Bombyx mori* ([@b41]) and in neoblasts (adult multipotent stem cells) of the platyhelminth *Macrostomum* ([@b45]). The functional relevance of label-retaining cells in invertebrates remains unclear.

Considering the highly proliferative nature of hydra cells, it is interesting to note that hydra does not show any effect of genotoxicity. In this study we carried out pulse--chase studies with thymidine analog 5-ethynyl-2′-deoxyuridine (EdU) to investigate if hydra harbours slow-cycling stem cells. Our studies show that stem cells from all three lineages in hydra indeed have a pool of stem cells that do not divide frequently and are paused in G2. These cells can remain undivided for 8--10 cell cycles while retaining their ability to undergo cell division. Most importantly during head regeneration, these slow-cycling cells are recruited to divide within one hour post-amputation and contribute to head regeneration, resembling quiescent stem cells from mammalian adult tissues.

MATERIALS AND METHODS {#s2}
=====================

Hydra culture {#s2a}
-------------

*Hydra magnipapillata* was cultured in hydra medium (0.1 mM KCl, 1 mM CaCl~2~, 1 mM NaCl, 0.1 mM MgSO~4~, 1 mM Tris-Cl, pH 8.0) at 18°C as described earlier ([@b30]). Hydra polyps were fed on alternate days with freshly hatched *Artemia* nauplii. *H. vulgaris* AEP expressing GFP under *nanos1* promoter specific for 1s and 2s interstitial cells (cnnos1::eGFP) was a kind gift from Professor Bosch, University of Kiel, Germany and was cultured in a similar manner.

EdU pulse and chase {#s2b}
-------------------

5-ethynyl-2′-deoxyuridine EdU (Invitrogen) can efficiently label cycling cells in hydra as seen with a short pulse of three hours ([supplementary material Fig. S1A](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1)), during which EdU was rapidly incorporated in dividing cells in the body column. For EdU pulse, approximately 50 regularly fed animals were pulsed with 2 mM EdU for one week in 3 ml hydra medium or with 1 mM EdU in hydra medium for four weeks. EdU was changed every 48 h. To check if the labelling efficiency of EdU changes during this incubation, hydra were labelled with 2 mM EdU for 24 h. The spent medium of these pulsed hydra was added to another set of hydra for 24 h. The labelling index obtained using fresh EdU and EdU from spent medium was comparable (data not shown), indicating that EdU is not depleted from medium during 48 hours of incubation. During pulse, hydra were fed with freshly hatched *Artemia* nauplii every other day and fresh EdU was added after every feed. During chase, buds were removed from cultures as soon as they fell off the parent and polyps were fed every other day. For EdU and Bromodeoxyuridine (BrdU) colocalization, hydra in chase were incubated with 2 mM BrdU (Roche) for 3--7 days. This concentration of BrdU was sufficient for detection of incorporated BrdU with this kit.

Detection of EdU in whole animals and macerates {#s2c}
-----------------------------------------------

EdU staining was performed either in whole animals or in hydra macerates. Whole animals were relaxed in 2% urethane, fixed in 3.7% paraformaldehyde (PFA) and Click-iT® reaction was carried out as per manufacturer\'s instructions using Alexa 488 or Alexa 647 azide. Animals that were not pulsed with EdU were used as negative control and did not exhibit any signal after Click-iT® reaction. To monitor EdU in different cell types, maceration of hydra polyps in chase was performed as described ([@b15]). Five hydra in chase were macerated, macerates were fixed with 3.7% PFA and stained for EdU as described earlier. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Polyps or macerates were mounted in mowiol and imaging was performed using BX53 microscope from Olympus using cellSens Standard Image Acquisition software. The cells were identified based on their morphology under 40× phase contrast microscope as described earlier ([@b15]). To find out the percentage of cells retaining EdU, only cells in which EdU completely colocalized with DAPI were considered ([supplementary material Fig. S1B](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1)). The experiments were performed several times and data from three independent experiments are shown. The number of cells counted were as follows: 871--1331 ectodermal epithelial cells, 634--716 endodermal epithelial cells, 522--896 1s/2s cells and 432--634 gland cells.

Immunofluorescence {#s2d}
------------------

For co-staining, Click-iT® reaction was performed after immunostaining since Click-iT® reaction interferes with immunostaining. For detection of BrdU and EdU colocalization, immunostaining for BrdU was performed using Roche BrdU labelling and staining kit, followed by Click-iT® reaction. The BrdU antibody from Roche kit did not cross-react with EdU, as seen by lack of immunostaining in polyps labelled with EdU but not with BrdU (data not shown). Similarly immunostaining for phospho-histone H3 (S10) was performed using anti-H3P antibody from Abcam (ab14955) followed by Click-iT® reaction for EdU detection. The nuclei were stained with DAPI and macerates were mounted using mowiol.

Localization of label-retaining cells {#s2e}
-------------------------------------

To observe localization of label-retaining cells with respect to the mesoglea, cnnos1::eGFP transgenic line, which expresses GFP at high level in 1s/2s cells was used. This line was pulsed and chased for one week as described earlier and experiment was performed at one week of chase. Click-iT® reaction results in loss of fluorescence from GFP and therefore GFP was detected by immunostaining. Immunofluorescence was performed with anti-GFP antibody ab290 from Abcam and anti-laminin antibody raised to hydra laminin, a gift from Professor Zhang, University of Kansas, Kansas, USA, before performing Click-iT® reaction. Imaging to check localization of label-retaining cells with respect to laminin was performed using Zeiss LSM 700 confocal microscope. To quantitate the number of label-retaining cells close to extracellular matrix, cells with high GFP expression were selected. Among these GFP-expressing cells, 50 cells each with complete and partial EdU were counted and their localization close to laminin was checked by scanning sections of confocal images.

Hydroxyurea treatment {#s2f}
---------------------

Hydra were pulsed with EdU for one week as described above, chased for two days without EdU and were then treated with 10 mM hydroxyurea in hydra medium for five consecutive days. This treatment leads to more than 95% reduction in the number of interstitial cells (data not shown). Hydra were macerated at the end of treatment as well as at one day and at three days after hydroxyurea treatment was over and stained for EdU. Data from two independent experiments are shown.

Measurement of nuclear DNA content of slow-cycling cells {#s2g}
--------------------------------------------------------

For measurement of nuclear DNA content in interstitial cells, polyps at one week of chase were used and for epithelial cells polyps at 3.5 weeks of chase were used. Five polyps were macerated, stained for EdU and saturating concentration of DAPI (10 µg/ml). Cells were imaged with cellSens Standard Image Acquisition software and the fluorescence was measured using ImageJ software. The intensity of fluorescence of nuclear DNA of neurons, 1s/2s cells and epithelial cells that retained label and those that did not retain label was calculated after subtracting background intensity. The integrated intensity was divided by average integrated intensity of neuronal cells to obtain ratio of DNA content of each cell with respect to the DNA content of neurons. Most of the neurons had ratio of 1 which was taken as 2N DNA content. Ratio between 1 and 2 was taken to represent cells in S phase, while that between 2--3 was taken as G2 phase. Few cells with ratio higher than 3 were observed but were excluded from further analysis. The data represented here are pooled from three independent experiments.

Regeneration assay {#s2h}
------------------

To investigate the role of slow-cycling interstitial cells, hydra at one week of chase were used and to investigate the role of slow-cycling epithelial cells, hydra at 2.5--3.5 weeks of chase were used for the experiment. Fifteen animals were used for each time point. The animals were cut in the midgastric region and the lower foot region, which develops into head, was allowed to regenerate for one hour and three hours at 18°C. At the end of incubation, the regenerating tips from lower halves were collected (∼500 µm) and macerated for EdU staining. As control, animals were cut in the midgastric region and the tips of the lower half were macerated immediately. The experiment was performed several times and the data from three independent experiments are presented for epithelial cells and data from two independent experiments are shown for interstitial cells.

RESULTS {#s3}
=======

Hydra harbours a population of label-retaining cells {#s3a}
----------------------------------------------------

Studies on proliferation kinetics of hydra have shown that the cell cycle of epithelial cells is 3--4 days ([@b17]) while that of interstitial cells is 16--27 hours ([@b8]). Gland cells can also undergo division with a cell cycle time of about 64--83 hours ([@b40]). To check if hydra has any label-retaining cells, hydra polyps were pulsed with EdU for one week to ensure all cells undergo cell division at least twice during the pulse and then chased in medium without EdU. Label retention was investigated over next 4--5 weeks. In frequently dividing cells, EdU gets diluted and is eventually lost from cells. The cells that do not divide, such as differentiated cells and stem cells that might have entered quiescence after EdU incorporation, retain EdU during chase. During chase hydra were incubated in normal hydra medium, fed every other day and buds were removed from cultures as soon as they fell off. Pulsed hydra were able to bud and regenerate at a rate comparable to the control animals that were not pulsed, indicating that EdU did not have any toxic effect on hydra (data not shown). As shown in [Fig. 1](#f01){ref-type="fig"} and [supplementary material Fig. S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1), at the end of one week pulse, cells throughout the polyp were labelled with EdU, as would be expected from hydra cell kinetics. With continued chase, the number of cells with EdU decreased, either through loss of cells from the polyps or due to division of labelled stem cells ([Fig. 1](#f01){ref-type="fig"}). However a small but significant number of EdU-positive cells could be detected in the body column and hypostome at the end of four weeks ([Fig. 1](#f01){ref-type="fig"}; [supplementary material Fig. S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1)). The presence of EdU-retaining cells was not surprising in the areas with high number of differentiated cells such as hypostome; the cells in hypostome have a very slow turnover and the label-retaining cells in hypostome could have differentiated soon after incorporating EdU ([supplementary material Fig. S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1)). The presence of EdU-retaining cells in the body column, typically believed to consist of continuously dividing stem cells, was contrary to the current understanding about hydra cell kinetics. Slow-cycling cells present at the end of chase were present throughout the body column and did not localise to any particular area of polyp.

![Label-retaining cells in body column of hydra at different times of chase.\
Hydra were pulsed with EdU for one week and then cultured without EdU for four weeks. At the end of pulse, the entire body column was labelled as expected. As chase progressed from one week to four weeks, the number of label-retaining cells decreased but at the end of four weeks, label-retaining cells were observed in the body column. Images of hypostome and foot at different times of chase are shown in [supplementary material Fig. S2A,B](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1). Scale bars: 50 µm.](bio-03-12-1236-f01){#f01}

Hydra were simultaneously macerated to identify the cell types that retained label, as described ([@b15]). The cells retaining label were defined as those which had EdU signal that completely colocalized with signal from DAPI staining of nuclear DNA. Cells with partial/punctate EdU signal were not considered to be label-retaining cells since dilution of signal indicates that cells have undergone cell division ([supplementary material Fig. S1B](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1)). The morphology of label-retaining nuclei and cells was normal ([Fig. 2](#f02){ref-type="fig"}). After one week of pulse, the labelling index of interstitial cells was approximately 94--98%. The labelling index of epithelial cells was much lower; the labelling index of ectodermal epithelial cells varied between 54--80% and that of endodermal cells varied between 41--56% ([Table 1](#t01){ref-type="table"}). The labelling index was not 100% in any cell lineage indicating lack of cell division in a substantial number of cells, especially in the epithelial lineages. The fact that a fraction of stem cells of all lineages remained undivided suggested that morphologically similar cells indeed display variation in the frequency of cell division and not all cells in hydra undergo incessant cell division. A longer pulse of four weeks was also performed to determine if this time of pulse is sufficient to label all cells capable of undergoing cell division. Upon longer pulse of four weeks, the labelling index increased; all 1s and 2s interstitial cells were completely labelled. The labelling index of ectodermal and endodermal epithelial cells was \>90% but not 100%, indicating that a few epithelial cells remained undivided even after 4 weeks ([Table 1](#t01){ref-type="table"}). A similar labelling index was also observed when regenerating aggregates of hydra were pulsed with EdU. The aggregates of dissociated single cells ([@b22]) were pulsed with EdU from the time aggregates were generated until hydranths developed and fell off the aggregate (data not shown). Long pulse with EdU, of both whole animals and developing aggregates, however adversely affected hydra which showed defects such as slow rate of budding and tentacle formation. Subsequent studies were therefore performed with one week pulse.

![Identification of label-retaining cells.\
(A) Label-retaining ectodermal and endodermal epithelial cells at the end of four weeks and 1s/2s interstitial cells at the end of one week. (B) EdU retention was also observed in differentiated cells like gland cells and neurons at the end of four weeks and in 4s nematoblasts at the end of one week of chase. Scale bars: 10 µm.](bio-03-12-1236-f02){#f02}

###### Labelling index at the end of one week and four week pulse

![](bio-03-12-1236-t01)

After one week of pulse with EdU, until ten days of chase, undifferentiated cells from all the three lineages retained EdU. At the end of 10 days, 2.6±1.2% 1s and 2s cells with complete label were detected. Representative picture of cells at 1 week are shown in [Fig. 2A](#f02){ref-type="fig"}. These cells could be detected until 10 days after which only partial labelled interstitial cells were detected. Ectodermal and endodermal epithelial cells retained label longer, for four weeks and sometimes until five weeks. At four weeks of chase, 2.1±0.6% ectodermal epithelial cells and 1.8±0.4% endodermal epithelial cells had complete EdU label ([Table 1](#t01){ref-type="table"} and [Fig. 2A](#f02){ref-type="fig"}). Among differentiated cells, nematoblasts retaining label could be detected up to two weeks while a significant number of neurons and gland cells could be detected up to four weeks of chase ([Fig. 2B](#f02){ref-type="fig"}). Considering that cell cycle time of epithelial cells is 3--4 days and that of interstitial cells is 18--27 hours, our results show that each lineage harbours a population of cells that do not divide for approximately 8--10 cell cycles after the pulse.

During EdU staining in whole animals, label-retaining cells were also observed in buds that were still attached to the parent ([supplementary material Fig. S3A](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1)). This was particularly interesting since buds arise from cells that divide in the body column of the parent, followed by tissue displacement in the growing bud. Developing buds also have a high labelling index indicating a higher rate of cell division ([@b26]). We also observed that the cells in buds have a high rate of proliferation as seen after a short EdU pulse ([supplementary material Fig. S1A](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1)). The label-retaining cells in buds comprised of both undifferentiated and differentiated label-retaining cells such as epithelial cells, neurons and nematocytes, with an occasional 1s cell in buds forming at one week ([supplementary material Fig. S3B](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1)).

Label-retaining cells can re-enter cell cycle {#s3b}
---------------------------------------------

We next checked if the label-retaining cells are indeed capable of cell division and not lost from the body column without undergoing cell division. The cell division potential of the slow-cycling cells was investigated by checking their ability to incorporate thymidine analog bromodeoxyuridine (BrdU) during S phase and using anti-phosphohistone H3 (H3P) antibody, which marks cells in the mitotic phase of cell cycle. To investigate the cell division potential of interstitial cells, hydra at three days of chase were incubated with BrdU for five and seven days. To investigate cell division potential of epithelial label-retaining cells, polyps at two weeks of chase were incubated with BrdU for three, five and seven days. At the end of incubation, the polyps were macerated and EdU/BrdU colocalization was investigated. Colocalization of EdU and BrdU was observed in undifferentiated cells of all three lineages, indicating that label-retaining cells were capable of undergoing cell division ([Fig. 3A](#f03){ref-type="fig"}). The figure shows colocalization at day 7 of BrdU incubation. These cells also retained a substantial amount of EdU suggesting that cells had not undergone many cell divisions. Since all label-retaining cells are not expected to be synchronous and therefore all label-retaining cells may not undergo cell division during the pulse with BrdU, only a small fraction of EdU-retaining cells incorporated BrdU but the number of cells with colocalization increased with increasing number of days in BrdU pulse. The cell division potential of label-retaining cells was also confirmed by investigating colocalization of EdU with H3P ([Fig. 3B](#f03){ref-type="fig"}).

![Label-retaining cells can re-enter cell division.\
(A) Cells in chase were incubated with BrdU for seven days and colocalization of EdU and BrdU was checked. The experiment was performed at one week of chase for interstitial cells and at 3.5 weeks of chase for epithelial cells. Colocalization of EdU and BrdU was observed in cells of all lineages. (B) Colocalization of phosphohistone H3 and EdU was investigated at one week (top panel) and 2.5 weeks (bottom panel) of chase. Scale bars: 10 µm.](bio-03-12-1236-f03){#f03}

Label-retaining 1s/2s cells localize close to the extracellular matrix {#s3c}
----------------------------------------------------------------------

It has been suggested that the niche for multipotent interstitial stem cells is provided by the extracellular matrix (ECM) and the neighbouring epithelial cells ([@b4]). The localization of label-retaining 1s/2s cells with respect to the extracellular matrix was investigated using AEP strain expressing GFP under *nanos1* promoter which is highly expressed only in 1s/2s interstitial cells (cnnos1::eGFP) ([@b23]). As shown in [Fig. 4](#f04){ref-type="fig"}, a number of EdU-retaining 1s/2s cells were in close contact with laminin. The percentage of label-retaining 1s/2s cells in contact with ECM was higher than those which retained partial label indicating cell division. 76% label-retaining 1s/2s cells were close to the ECM, in contrast 42% 1s/2s cells with partial label were in close contact with ECM. These results suggest that the label-retaining cells are predominantly present in close contact with the ECM and the ECM could provide niche for label-retaining interstitial stem cells.

![Label-retaining interstitial stem cells localize close to the extracellular matrix.\
Localization of GFP (red), laminin (green) and EdU-retaining cells (yellow) in cnnos1::GFP lines at one week of chase. Nuclei are stained with DAPI (blue). The label-retaining interstitial stem cells localize close to the extracellular matrix and are marked with arrows while those with partial label are marked with asterisks. Scale bars: 10 µm. Individual images of each fluorophore are shown in [supplementary material Fig. S4A,B](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.201410512/-/DC1).](bio-03-12-1236-f04){#f04}

Slow-cycling cells are resistant to hydroxyurea treatment {#s3d}
---------------------------------------------------------

Interstitial cells divide faster than epithelial cells and consequently can be eradicated from hydra by treatments that affect dividing cells, such as hydroxyurea or gamma irradiation ([@b2]; [@b19]). Slow-cycling cells should be resistant to hydroxyurea treatment since they do not enter cell cycle. To investigate if these cells are indeed resistant to hydroxyurea, hydra at two days of chase were treated with hydroxyurea for five consecutive days. Polyps were macerated at the end of hydroxyurea treatment as well as at one and three days after the hydroxyurea treatment. During these three days the polyps were incubated in hydra medium without hydroxyurea. At the end of hydroxyurea treatment, the number of 1s and 2s interstitial cells reduced by more than 95% as expected (data not shown). However among the interstitial cells present at the end of treatment, a higher percentage of label-retaining 1s and 2s cells was observed in treated polyps as compared to the untreated control ([Fig. 5](#f05){ref-type="fig"}). In polyps treated with hydroxyurea, 56% 1s and 2s cells present at the end of hydroxyurea treatment retained label as compared to 16% in the control polyps that were not treated with hydroxyurea. At one and three days after hydroxyurea treatment, the percentage of label-retaining interstitial cells further increased to 90% in treated cells while the number of label-retaining cells in the control decreased ([Fig. 5](#f05){ref-type="fig"}). The increase in the relative abundance of label-retaining cells was not due to increase in the number of label-retaining cells but was due to decrease in cells without label. These results show that the label-retaining cells are indeed resistant to hydroxyurea treatment.

![Slow cycling cells are resistant to hydroxyurea (HU) treatment.\
Hydra were pulsed with EdU for one week, chased for two days and then treated with hydroxyurea for five days. The percentage of EdU retaining interstitial cells (1s and 2s) at the end of hydroxyurea treatment, at one day after hydroxyurea treatment and three days after hydroxyurea treatment is shown. The data represent mean and standard deviation from two independent experiments.](bio-03-12-1236-f05){#f05}

Slow-cycling cells pause in G2 phase of cell cycle {#s3e}
--------------------------------------------------

The quiescent stem cells in mammals are held in G0/G1 phase of cell cycle. In hydra it was recently shown that stem cells of interstitial lineages pause at G2 phase ([@b6]). To check the cell cycle stage in which the slow-cycling cells are held, DNA content of slow-cycling interstitial stem cells was measured by fluorescence microscopy. The experiment was performed at one week of chase for interstitial cells and at 3.5 weeks of chase for epithelial cells. Polyps in chase were macerated, stained for EdU and with DAPI. The DNA content of neurons was taken to be 2N and the DNA content of interstitial and epithelial cells, retaining label and those without EdU, was measured in comparison with neuronal DNA content. As shown in [Fig. 6](#f06){ref-type="fig"}, consistent with the reported cell cycle analysis of 1s/2s cells, 1s/2s cells without EdU were predominantly present in G2 phase with a smaller fraction in G0/G1. The label-retaining cells of interstitial as well as epithelial cells were also predominantly present in G2 phase and the percentage of cells in G2 phase was higher in label-retaining cells than in those without label ([Fig. 6A--C](#f06){ref-type="fig"}), in both interstitial and epithelial lineages.

![Slow-cycling cells pause in G2 phase.\
DNA content of cells that retained label and those that did not retain label was measured using DNA content of neurons as standard for 2N DNA content. The experiment was performed at 1 week of chase for interstitial cells and at 3.5 week of chase for epithelial cells. (A) The percentage of label-retaining cells and cells without label in different phases of cell cycle. (B) Cell cycle analysis of 1s/2s cells. (C) Cell cycle analysis of epithelial cells. Label-retaining cells of all lineages were predominantly present in the G2 phase. Data pooled from three independent experiments are shown.](bio-03-12-1236-f06){#f06}

Slow-cycling cells are recruited to divide during regeneration {#s3f}
--------------------------------------------------------------

Quiescent stem cells in mammals are activated in response to injury and specifically contribute to regenerating tissue. To check if the slow-cycling cells in hydra contribute to head regeneration, midgastric cut was performed. At one and three hours after amputation (hpa), the regenerating tips developing head (∼500 µm) were cut and macerated. This experiment was performed at one week of chase to investigate contribution of interstitial cells and at 2.5--3.5 weeks of chase to investigate the contribution of epithelial cells. The numbers of EdU-retaining cells with complete label and partial label in the macerates were analysed. Control for this experiment was an equivalent region in the body column of polyps in chase; this region was cut and immediately macerated for EdU staining. As shown in [Fig. 7](#f07){ref-type="fig"}, in both epithelial and interstitial slow-cycling cells, there was ∼50% decrease in the number of cells with complete label at 1 hpa. Concomitantly there was an increase in cells with partial label, indicating that the slow-cycling cells had divided during this time. The cells with complete label did not further decrease substantially at 3 hpa ([Fig. 7](#f07){ref-type="fig"}). There was also a small decrease in number of gland cells with complete label and a concomitant increase in gland cells with partial label but this change in the number of label-retaining cells was not as significant as that in epithelial and interstitial cells. The slow-cycling cells were thus recruited to undergo cell division within first hour of regeneration.

![Slow-cycling cells divide during head regeneration.\
The experiment was performed at one week of chase for interstitial cells and at 2.5--3.5 weeks of chase for epithelial cells. For each time point, 15 regenerating tips (∼0.5 mm) from lower halves that develop into heads were collected. Tips were macerated, stained for EdU and the numbers of cells with complete and partial label were counted. Data pooled from three independent experiments are shown.](bio-03-12-1236-f07){#f07}

DISCUSSION {#s4}
==========

Studies carried out on cell dynamics in hydra suggest that the hydra body column largely consists of stem cells which divide continuously ([@b4]; [@b24]). Here, we report heterogeneity in the cell cycle frequency of hydra stem cells and show that there is a sub-population of stem cells that divides infrequently. Slow-cycling stem cells from all the three lineages; ectodermal epithelial lineage, endodermal epithelial lineage and interstitial lineage can remain undivided for approximately 8--10 cell division cycles. These cells can re-enter cell cycle, are resistant to agents that cause DNA damage and are also present in buds. The slow-cycling cells are predominantly in G2 phase of cell cycle. Most importantly, similar to mammalian quiescent stem cells, the slow-cycling stem cells are activated to undergo cell division during head regeneration, within an hour after amputation.

Previous studies have reported heterogeneity in cell cycle time across different cell types within interstitial lineage ([@b25]). Variation in the cell cycle of different interstitial cells is mainly due to variations in the length of G2. In 1s/2s interstitial cells the G2 phase is 4--22 hr, it is 3--4 h in 4s/8s/16s and that of sex-specific stem cells about three days ([@b8]; [@b25]). The S-phase of all cells of interstitial origin is 11--12 h and the G1 is approximately 1 h. The cell cycle of interstitial cells shortens under conditions where the number of interstitial cells in hydra decreases and faster cell division is required to regain the required number of interstitial cells ([@b25]). No heterogeneity has been reported in epithelial cells with respect to their cell cycle. Anecdotal evidence does exist indicating that \[^3^H\] thymidine or BrdU labelling does not lead to complete labelling of all cells in hydra but the general consensus in literature has been that all stem cells within each lineage are functionally equivalent. No study has been carried out so far to explore this heterogeneity and its functional significance. Our studies show heterogeneity within the cell cycle of the undifferentiated cells of epithelial lineages and the multipotent 1s and 2s cells of interstitial lineage, rather than across different cell types within interstitial lineage as described earlier. The interstitial stem cells remain undivided for about 10 days while the epithelial cells remain undivided for ∼4--5 weeks. Considering the cell cycle time of 18--27 hours in interstitial stem cells and 3--4 days in epithelial cells, the cells do not divide for approximately 8--10 cell cycles. Slow-cycling cells described in this study are likely not the germline stem cells since the strain used in this study, *H. magnipapillata* grows as asexual polyp and no gametogenesis has been observed in this strain over last four years in our laboratory. We also did not see cluster-like arrangement of slow-cycling cells as is seen in the germ cells of hydra ([@b35]). Gland cells, though differentiated, also undergo cell division with cell cycle time of 64--83 hours ([@b40]). We see large population of label-retaining gland cells. Many of these gland cells possibly retained label due to terminal differentiation. However some of these gland cells indeed divide during long chase as seen by colocalization of BrdU and EdU in these cells even at 3 weeks of chase, indicating the presence of slow-cycling gland cells (data not shown). The slow-cycling interstitial cells were resistant to hydroxyurea treatment, as expected. Presence of such resistant cells also explains observations from previous studies where spontaneous recovery of cells of interstitial lineage was observed in epithelial polyps post-hydroxyurea treatment ([@b2]; [@b42]). These previous studies suggest presence of hydroxyurea-resistant interstitial stem cells and our studies show that this recovery of interstitial lineage is due to slow-cycling interstitial cells.

We did not observe any difference in the morphology of slow-cycling cells as compared to cells that were dividing continuously. The slow-cycling cells also do not localise to any specific location and are distributed throughout the body column. This suggests that the niche for slow cycling cells is not position-dependent but is perhaps provided by the local environment. It has been hypothesized that the niche for interstitial stem cells could be provided by the ECM and the neighbouring epithelial cells. The label-retaining 1s/2s cells indeed localized close to the ECM. Whether proximity of these cells to ECM indeed regulates their cell cycle potential or pluripotency remains to be seen.

The slow-cycling cells also were observed in buds of hydra in chase. Buds arise from dividing cells in the body column that are displaced into buds. Cells in buds are highly proliferative and a short EdU pulse labels a large number of cells in buds ([@b26]). A small number of slow-cycling cells from parent hydra migrate into the buds without undergoing cell division, which suggests that buds also acquire cells that have undergone less number of cell divisions and have possibly accumulated less number of errors. Tissue movement of epithelial cells along with the extracellular matrix has been reported in hydra ([@b1]) and is likely responsible for movement of slow-cycling cells in the buds.

Our studies also show that the label-retaining cells are capable of undergoing cell division, as seen by incorporation of BrdU and H3P staining. Since the cells do not divide synchronously, it is not possible to comment on cell cycle time of the label-retaining cells. Importantly, our studies show that the slow-cycling cells of all lineages are recruited to divide during the first hour of head regeneration. These cells divide during the first hour after amputation, in the regenerating head. There is no further recruitment of slow-cycling cells at later times like 3 hpa and 6 hpa. Cells in hydra being highly proliferative can get labelled with thymidine analogs in a time as short as one hour ([@b36]). It has also been shown previously that cells in the regenerating tip undergo cell division ([@b11]). This study has shown that in a head-regenerating tip, the interstitial cells localized in region 2 of the regenerating tip (between 100--200 µm from the regenerating tip) undergo cell division between 0--2 hpa but not between 2--4 hpa. We have looked at the entire region corresponding to ∼500 µm of the head-regenerating tip, where we see both interstitial and epithelial slow-cycling cells undergoing cell division. The difference in the results reported earlier ([@b11]) and our study could be due to difference in the regions of head-regenerating tip investigated in the two studies. Moreover our studies were aimed at investigating the cell cycle kinetics of a subset of cells consisting of slow-cycling cells.

It has been reported by Holstein and co-workers that the labelling index of the regenerating tip in epithelial hydra decreases in first 12 h of regeneration but increases around 30 h ([@b26]). This is in contrast to the reports by Chera and coworkers ([@b11]) and our report in this manuscript. This variation could either be due to the difference in the system used or due to the differences in the regenerating tissue that was used for these studies. Holstein and coworkers have used epithelial hydra and in the cell cycle kinetics in these animals could be different from that in normal animals with interstitial cells. The region of regenerating tip used for maceration was also different in this study (1/5th of regenerating hydra as against ∼500 µm of regenerating tip in our study). The large number of cells from region just below regenerating tip could have masked the differences in the actual regenerating tip. Recruiting such slow-cycling cells that have remained undivided would ensure that the newly regenerated hydra has cells with better genomic integrity. All slow-cycling cells from the regenerating tip do not however divide during regeneration ([Fig. 7](#f07){ref-type="fig"}). It is possible that the slow-cycling cells closer to the site of injury, and not the entire macerated tip, are recruited during cell division. The ability of slow-cycling cells from hydra to divide rapidly in response to injury is very similar to that of quiescent stem cells from adult mammalian tissues.

Interestingly, the slow-cycling cells were paused in G2 phase of cell cycle and not in G0 as in the case of mammalian cells. It has been recently shown that the interstitial stem cells in hydra pause in G2 phase before undergoing next round of cell cycle ([@b6]). Consistent with this report, we find that slow cycling cells of not only interstitial lineage but also of epithelial lineage are present predominantly in G2. The percentage of slow-cycling cells in G2 phase was even higher than those that entered cell cycle ([Fig. 6](#f06){ref-type="fig"}). Both hydra and mammalian cells regulate the frequency with which cells divide; however, the molecular mechanism of this regulation appears to be different among these two groups of organisms.

While we find ∼2% cells of all lineages to be slow-cycling cells, it is possible that this study has underestimated the actual number of slow-cycling cells. This study assumes that all cells underwent at least one cell division during pulse. Some cells may have remained quiescent during pulse and may have been missed in subsequent chase. A comparison of one week pulse and four week pulse indeed showed that the labelling index increased with increasing time of pulse ([Table 1](#t01){ref-type="table"}). Pulse beyond four weeks was not done since the thymidine analogs can also have adverse effects ([@b29]) and developmental defects were indeed observed during longer pulse with EdU, as described in results. Correct estimation of the number of slow-cycling cells needs to be performed using tools that are independent of labelled nucleotides, such as by generation of transgenic lines expressing H2B-GFP under an inducible promoter. Histone H2B is associated stably with nucleosomes and is replaced during mitosis. In an inducible system for H2B tagged with GFP, H2B-GFP can be induced during a specific window, expression can then be switched off and retention of H2B-GFP indicative of undivided cells can be monitored over several cell cycles. It is therefore an excellent marker for detection of label-retaining cells. This marker has been used to identify quiescent cells and trace their lineage in hair follicles ([@b44]), hematopoietic cells ([@b18]) and intestinal epithelial cells ([@b5]). Such tools are currently not available for this model organism.

In the last decade, identification of specific stem cell markers has allowed lineage tracing of stem cells. These experiments reveal the presence of two distinct stem cell populations; a population that divides continuously to maintain homeostasis and one that divides specifically during regeneration. Such distinct populations have been observed in intestinal crypts and hematopoietic stem cells. In intestinal crypts, stem cells expressing *Lgr5* divide continuously to maintain normal homeostasis while a population of *Bmi* expressing stem cells divides only during injury-induced regeneration ([@b43]; [@b49]). Hematopoietic stem cells have population of quiescent stem cells that divides very rarely (once in 145 days) but can proliferate actively in response to injury ([@b18]; [@b47]). Such distinct pools of stem cells are however not well-defined in stem cell systems such as hair follicle ([@b20]; [@b28]; [@b44]), satellite cells in muscles ([@b33]) or limbal stem cells ([@b14]). At the moment it is not possible to comment on whether hydra harbours separate pools of stem cells to maintain homeostasis and regeneration or whether the same pool of stem cells coordinates both processes.

Paradoxically, while quiescence is meant to prevent DNA damage in stem cells, long term quiescence itself can lead to DNA damage. In aging mice, quiescent hematopoietic stem cells accumulate DNA damage as seen by accumulation of H2AX foci ([@b37]). This situation arises due to lack of DNA damage checkpoints that operate during cell cycle, leading to slow accumulation of DNA damage over long periods of quiescence. The slow-cycling cells in hydra do not remain quiescent indefinitely but divide once approximately every eight cell cycles. This situation may possibly be more favourable than maintaining two separate pools of stem cells since it would help prevent DNA damage associated with long periods of quiescence.

Stem cells are an essential feature of all multicellular organisms, without which multicellular organisms will not exist. The degree of similarity between stem cells in early multicellular organisms like cnidarians and stem cells in higher organisms is not known. Some markers such as Oct4 family gene *polynem*, *piwi*, *nanos* and *vasa* are specifically expressed in cnidarian stem cells but whether their functional role is similar to their homologs in mammals is not yet clear ([@b32]; [@b46]). Presence of cells that remain undivided for several cell cycles suggests that stem cells in hydra share at least one characteristic of cell cycle regulation with mammalian stem cells, namely the ability to retain stem cells in slow-cycling state. A key question now is to understand the molecular mechanisms that regulate this process and determine if slow-cycling stem cells in hydra differ from rest of the stem cells in terms of their ability to self-renew or differentiate. To conclude, our studies show that hydra possesses a population of slow-cycling stem cells that is recruited during regeneration, a characteristic it shares with mammalian quiescent stem cells. These studies show that the ability to maintain stem cell populations with heterogeneity in the frequency of cell cycle arose early in the evolution of multicellular organisms.
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